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Abstract 
We report measurements of the thermoelectric power and electrical resistivity of 
superlattices composed of the high-temperature superconductor YBa2Cu3O7-δ 
(YBCO) and the metallic ferromagnet La2/3Ca1/3MnO3 (LCMO) with individual layer 
thicknesses between 5 and 50 nm. Whereas YBCO and LCMO reference films 
prepared under the same conditions exhibit negative Seebeck coefficients, in 
excellent agreement with data on bulk compounds of identical composition, those of 
all superlattices are positive, regardless of the individual layer thickness. Having 
ruled out lattice strain and incomplete oxygenation, we attribute the observed sign 
reversal of the Seebeck coefficient to a long-range electronic reconstruction 
nucleated at the YBCO-LCMO interfaces.  
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The thermoelectric properties of metal oxides have been the subject of major 
research activity for the past two decades. The thermoelectric power is a measure of 
entropy rather than charge transport, and hence yields insights into the influence of 
electronic correlations on the physical properties complementary to those obtained 
from standard resistivity and Hall effect measurements.1 In research on high-
temperature superconductors, for instance, the thermoelectric power has served as 
a calibration standard for the doping level2,3 and as a sensitive indicator of competing 
order and doping-induced Fermi surface reconstructions.4 At the same time, metal-
oxide compounds are being investigated for thermoelectric device applications in 
view of their compositional variability, chemical stability, and comparatively low cost.5 
A different avenue for fundamental6 and applications-oriented7 research on metal 
oxides has recently been established by advances in the synthesis of epitaxial 
heterostructures and multilayers with tailored lattice structure and electronic density 
of states, and the potential of such systems for research on thermoelectricity is just 
beginning to be recognized.5,8-10 In particular, recent experiments on SrTiO3-based 
heterostructures have demonstrated substantial modulations of the Seebeck 
coefficient in response to applied gate fields9 and thickness variations of the SrTiO3 
layers.10  
Aided by extensive knowledge of the thermoelectric properties of the bulk 
constituents, we have used a similar strategy to explore the electronic properties of 
superlattices of the high-temperature superconductor YBa2Cu3O7-δ (YBCO) and the 
metallic ferromagnet La2/3Ca1/3MnO3 (LCMO). YBCO-LCMO superlattices have 
served as a model system for the interplay between ferromagnetism and 
superconductivity,11-13 charge transfer across oxide interfaces,14,15 interfacial orbital15 
and magnetic16-18 reconstructions, and electron-phonon interactions in multilayer 
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systems.19 While some of these phenomena appear to be restricted to the immediate 
vicinity of the interface, others (including a superconductivity-induced rearrangement 
of the magnetic structure of LCMO17,18 and the hybridization of YBCO and LCMO 
phonon modes19) persist over length scales of tens of nanometers. Here we show 
that the thermoelectric response of YBCO-LCMO superlattices differs qualitatively 
from the one of its bulk constituents, and that this modification persists over a 
similarly wide spatial range. 
YBCO-LCMO superlattices as well as YBCO and LCMO reference films were 
grown by pulsed laser deposition on (100)-oriented single-crystalline SrTiO3 
substrates. For comparison, an LCMO film was also grown on a (100)-oriented 
(La0.27Sr0.73)(Al0.65Ta0.35)O3 (LSAT) substrate. All structures were deposited at 730 °C 
at an oxygen pressure of 0.5 mbar and annealed at 530 °C for 1 h in 1 bar oxygen. 
X-Ray diffraction analysis confirmed the phase purity of the c-axis oriented films (Fig. 
1). All superlattices were fabricated with YBCO as the first layer and LCMO as the 
top layer. All samples were contacted with Cr/Au 20/200 nm pads on the LCMO top 
layer to reduce the thermal and electrical contact resistance compared to contacts 
directly fabricated on the sample surface by silver epoxy. The thermopower and 
resistivity were measured either with the Thermal Transport Option of a Quantum 
Design Physical Property Measurement System (PPMS) or an Ulvac ZEM-3 M8. The 
critical temperatures Tc for superconductivity and TCurie for ferromagnetism were 
determined from the resistivity anomalies associated with these transitions (Fig. 2), 
following prior work.11 Table I lists the transition temperatures resulting from these 
measurements, along with the instruments used to take the corresponding data and 
the layer thicknesses.  
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The oxygen content and strain state of the films and selected superlattices 
were determined by x-ray diffractometry. Analysis of the specular x-ray diffraction 
patterns at room temperature (Fig. 1) yielded the c-axis lattice parameter of YBCO, 
which is a sensitive measure of the oxygen content.20 The values of 11.695(5) Å for 
the YBCO film and the superlattices YBCO-LCMO 1 and 2 (Fig. 2 and Table I) were 
found to be identical within the error, and consistent with the values of other 
superlattices prepared in an identical manner reported previously.19  This value is in 
excellent agreement with the one reported for optimally doped YBCO single crystals 
(δ = 0.05)20 and with the results of Raman-scattering measurements of an apical-
oxygen vibration whose frequency depends sensitively on the oxygen content.19 The 
strain state of selected superlattice samples was characterized by extensive sets of 
reciprocal-space maps at temperatures between 10 and 300 K (see Supplementary 
Materials of Ref. 19), which showed that the in-plane lattice parameters do not 
exhibit any significant deviations from those of bulk YBCO and LCMO over the entire 
temperature range. This is expected because of the minute (< 0.3%) difference 
between them, and because of the large film thicknesses (100-300 nm) which 
ensure that the substrate-induced strain is fully relaxed. Neither strain imposed by 
the substrate nor mutual strain of the constituents therefore affect the physical 
properties in a major way. 
Figure 2 shows the temperature dependent Seebeck coefficient, S, and 
resistivity, ρ, parallel to the substrate plane of two representative symmetric YBCO-
LCMO superlattices with the same overall thickness (200 nm), but YBCO and LCMO 
thicknesses differing by a factor of two (13 and 26 nm, respectively), along with data 
on YBCO and LCMO reference films with the same overall thickness. The data on 
the reference films are in excellent agreement with prior data on bulk compounds of 
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the same composition. In particular, the Seebeck coefficient of YBCO is very small 
and negative (< 3 µV/K) over the entire temperature range, as observed for optimally 
doped YBCO.2-3,21-23 Since S is positive and its magnitude is considerably larger for 
underdoped YBCO,2-4,21-23  this observation implies that the oxygenation state of the 
film is close to the one corresponding to optical doping (δ ~ 0.05). This reasoning 
also applies to the YBCO-LCMO superlattices, which were prepared in an identical 
manner, thus confirming the conclusion of the x-ray experiments described above. 
Further, the close agreement of the Seebeck coefficient of the YBCO film with those 
of optimally doped YBCO underscores our conclusion that strain imposed by the 
SrTiO3 substrate or extended defects nucleated by substrate imperfections do not 
affect the physical properties of our samples significantly.   
The thermopower of the LCMO films is also negative and very small in the 
ferromagnetic metallic state at low temperature, but increases in amplitude upon 
heating to TCurie ~ 275 K and is weakly temperature dependent in the paramagnetic 
state (Fig. 2). This behavior again reproduces the one found in prior experiments on 
bulk LCMO, where it was attributed to interplay between entropy transport by 
localized-spin and itinerant-electron systems.24-26 Films grown on SrTiO3 and LSAT 
behave in a very similar manner, confirming our conclusion that substrate-induced 
strain or substrate-specific extended defects do not influence the thermoelectric 
properties in a major way.  
In contrast to the constituent materials, the Seebeck coefficients of the 
superlattice samples are positive throughout the temperature range measured (Fig. 
2). Clearly, a superposition according to Kirchhoff’s law: 
             
i
∑ ××=×× −− iii dSdS
11 ρρ          (1) 
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with i = YBCO, LCMO cannot account for the observed sign reversal. This finding 
agrees with a prior report on YBCO-LCMO bilayers,27 although in this work a 
corresponding YBCO reference film also showed positive S with comparable 
magnitude, so that incomplete oxygenation could not be ruled out. The x-ray 
diffractometry data on our samples and the comparison with the YBCO reference 
film allow us to exclude this possible origin. 
Since the Seebeck coefficients in superlattices with 13 and 26 nm thick 
individual layers are closely similar, we can also rule out a scenario in which the 
YBCO-LCMO interface is responsible for this effect, in contrast to the SrTiO3-GdTiO3 
heterostructures already mentioned above, where the two-dimensional electron gas 
generated by the polarization discontinuity at the interface dominates the transport 
properties.10 Indeed, prior work on the YBCO-LCMO system has shown that the 
interfacial region is more insulating than the constituent bulk materials,14 probably as 
a consequence of charge transfer across the interface14,15 and an orbital 
reconstruction15 that reduces the conduction band width close to the interface. In 
agreement with this expectation, the thermopower of a superlattice with 5 nm thick 
YBCO layers (YBCO-LCMO 7 in Table 1) is significantly lower in magnitude (while its 
sign is still positive). 
 Table I reports the Seebeck coefficients of several other YBCO-LCMO 
superlattices at a temperature of 355 K, well above the critical temperatures for the 
superconducting and ferromagnetic phase transitions. Apart from the superlattice 
with the thinnest YBCO layers mentioned above, all of the values are in the range 
+10-20 µV/K, including superlattices with up to 50 nm thick YBCO layers (YBCO-
LCMO 11 in Table I). This is surprising at first sight, because layers of this thickness 
are expected to behave in a bulk-like manner, but consistent with the recent 
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observation of a modification of the electron-phonon interactions of YBCO-LCMO 
superlattices over a similarly long range.19  
Since we ruled out oxygen deficiency and strain as major contributors to the 
long-range modification of the thermoelectric properties of the superlattices, we 
attribute this effect to an electronic reconstruction nucleated at the interfaces, but 
propagating well inside the layers. A related effect has recently been reported for 
VO2-based heterostructures, where electrostatic charge accumulation at the surface 
was observed to drive a metal-insulator transition across a 70 nm thick film.28 Our 
data on the YBCO-LCMO system could be explained by a charge-ordered state 
nucleated at the magnetically and orbitally reconstructed interfaces. This scenario is 
supported by the observation that bulk underdoped YBCO materials exhibit Seebeck 
coefficients of similar sign and magnitude as the ones we have observed in our 
superlattices.2-4,21-23 The difference between these data and corresponding data on 
optimally doped YBCO (where S is negative and much smaller in magnitude) has 
been ascribed to a Fermi surface reconstruction due to a (real or incipient) charge-
ordering instability in the underdoped regime.4 Direct evidence of such an instability 
has recently been reported in underdoped bulk YBCO.29 The search for direct 
evidence of charge order in YBCO-LCMO superlattices is an interesting subject of 
further investigation. Independent of the mechanism driving the phenomenon we 
have observed, our data suggests that phase control of correlated-electron systems 
may offer interesting perspectives for thermoelectric device applications. 
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Table I. Properties of the samples investigated in this work. (ND: transition 
temperatures were not determined). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Thickness 
[nm] 
TC [K] TCurie [K] S (355 K) 
[µV/K] 
Instrument 
YBCO 200 86 - -0.8 ±  0.1 PPMS 
LCMO 1 (STO) 200 - 275 -15.4 ± 0.1 PPMS 
LCMO 2 (LSAT) 200 - 260 -12.3 ± 0.1 PPMS 
YBCO/LCMO 1 4x 26/26 68 260 12.2 ± 0.1 PPMS 
YBCO/LCMO 2 8x 13/13 59 245 14.2 ± 0.1 PPMS 
YBCO/LCMO 3 15x 10/10 45 230 18.2 ± 1.3 ZEM 
YBCO/LCMO 4 15x 10/10 ND ND 19.2 ± 1.3 ZEM 
YBCO/LCMO 5 5x 10/10 62 240 11.2 ± 0.8 ZEM 
YBCO/LCMO 6 9x 6/6 34 230 15.9 ± 1.1 ZEM 
YBCO/LCMO 7 20x 5/10 35 235 3.5 ± 0.2 ZEM 
YBCO/LCMO 8 12x 15/10 48 225 21.5 ± 1.5 ZEM 
YBCO/LCMO 9 12x 15/10 ND ND 16.0 ± 1.1 ZEM 
YBCO/LCMO 10 10x 20/10 60 220 17.0 ± 1.2 ZEM 
YBCO/LCMO 11 5x 50/10 82 230 13.5 ± 1.0 ZEM 
12 
 
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
100
101
102
103
104
105
LC
M
O
 (0
06
) /
 Y
B
C
O
 (0
09
)
LC
M
O
 (0
01
) /
 Y
B
C
O
 (0
03
)
LC
M
O
 (0
02
) /
 Y
B
C
O
 (0
06
)
Y
B
C
O
 (0
04
)
Y
B
C
O
 (0
07
)
Y
B
C
O
 (0
04
)
Y
B
C
O
 (0
02
) S
TO
 (0
01
)
S
TO
 (0
01
)
S
TO
 (0
01
)
 
 
In
te
ns
ity
2 θ
 
 
Fig.1. X-ray diffraction pattern of a symmetric superlattice with 13nm thick YBCO and 
LCMO layers (YBCO/LCMO 2 in Table I). The data were taken with Cu Kα radiation 
(wavelength 1.54 Å). 
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Fig. 2. Temperature (T) dependent Seebeck coefficient, S, and resistivity, ρ, for 
different samples, as stated in the legend. 
 
 
